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INTRODUCTION

This program consists of a nine month design, analytical and experimental evalu-
ation of lightweight evacuated multilayer insulation (MLI) systems for the on-orbit
propellant (LH2 and LOZ) tanks of the Space Shuttle orbiter., The objective is

to develop an evacuated insulation system which will combine maximum perform-
ance with minimum weight, be highly reliable, require minimum maintenance, and

provide a constant level of performance for at least 100 flights.

The study will be performed in three major tasks consisting of design ¢ oncepfs
evaluation, vacuum shell structural tests and vacuum acquisition tests, ond data

evaluation and reports.

The first three months will be devoted to design and trade studies of the self-
supporting and the semi-rigid vacuum shell insulation systems. These studies are
intended to investigate fank assembly configurations, but with the major emphasis

on critical vacuum shell details; provide analytical data for evaluation and selec-
tion of shell materials and configurations; and to provide data on thermal performance,
vacuum acquisition, propellant leakage isolation, inspection and repairs, shell
handling procedures and vacuum tight welding. The MLI systems studied will be
evaluated and ranked during the remaining two months of the TASK | study.

Recommendations will be made to NASA/LeRC on the basis of this evaluation,

The TASK Il experimental investigations are programmed to provide supporting data
for the design and trade studies, and to determine adequacy of selected designs

and test procedures. Material outgassing tests on sandwich shell materials, vacuum
acquisition tests and external pressure tests on two 45" diameter hemispherical
sandwich shells, and a non-destructive proof test on an 8' diameter ellipsoidal sand-

wich shell will be performed.

TASK Il will evaluate the data from the design, trade and experimental studies. The
remaining uncertainties or other technical deficiencies which require resolution before

application of the evacuated MLI system o Space Shuttie will be identified to NASA/LeRC.




PROGRESS

1.0 TASK | - Design Coﬁcepfs Evaluation
1.1 Design and Trade Studies

A. Design Studies (Supporting Investigations)
ALl Thermal Analysis

A preliminary assessment of MLI systems was made to identify those best suited
for use in the vacuum annulus. Several factors were considered. These were;
(1) MLI weight, (2) outgassing characteristics, (3) thermal performance prediction

accuracy, and (4) installation complexity,

In this study it was assumed that sufficient layers of aluminized kapton were
employed on the outside of the blanket to reduce working temperatures to the

point where aluminized mylar, and silk, dacron or nylon nets could be used.

The multilayer concepts evaluated were (1) NRC-2 (using 15 gage mylar), (2)

15 gage aluminized mylar with nylon net spacers, (3) 15 gage aluminized mylar
with two silk net spacers per layer, and (4) 15 gage aluminized mylar with tissu~
glas spacers, Typical support and fluid line configurations were assumed and the
heat flow for these subtracted from the total allowance (0.1 to 0.7 Btu/Hier%Q).,
Eight fiberglass tank supports, approximately 10" long, were selected. The fill
and vent lines were 2.5" and 3.0" diameter with 0,035" wall thickness and

were routed 1/4 the distance around the hemispherical tank head before exiting

the vacuum annulus,

MLI blanket thicknesses were derived using the insulation conductivity equation

1
insulation concepts are defined in Table 1.

k = kr(Tf + Tg) (T] + T2) + kc (T, + T2). The kc and kr constants for several

On a least-weight basis, NRC-2 is the best concept. The nearest competitor

is aluminized mylar/nylon net which is about 17-1,/2% heavier for equal conductance.
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For the near spherical LH2 tank (L/D = 1.09), insulation weight using NRC-2

is roughly 110 Ib., therefore a nineteen pound penalty for a system with better
handling characteristics and resistance to compaction such as shields and net
spacers is relatively small in terms of total tankage weight. For the same tank,
the aluminized mylar=silk net combination was 24% heavier than NRC=2 and the

aluminized mylar-tissuglas was 245% heavier.

QOvutgassing characteristics of multilayer materials have been determined in past
IR&D investigations at Boeing. Thermogravimetric analyses have shown that room
temperature weight loss of aluminized mylar is 0.072%, nylon net is 3.16%,
dacron net is 0.132% and silk net is approximately 7.00%. Lower temperafures

(2,—250F) reduce the outgassing significantly.

In terms of minimum outgassing, the NRC-2 appears to be the best choice again.
A near competitor would be aluminized mylar with dacron net spacers. This
combination (assuming aluminized mylar/nylon net heat transfer characteristics)
required 43 shields and 44 spacers to meet tank heat flow requirements, whereas
the NRC=-2 requires 126 shields, It is possible that the higher outgassing of the
dacron net could be offset by the reduced number of shields, thus the two systemé

could be equally efficient.

The nylon and silk nets do not appear to be a good choice for this application
because of their initial high moisture content and aoffinity for water vapor. It
would be possible to achieve optimum performance with these materials through
preconditioning, however, loss of vacuum during ground turnaround would neces-

sitate repetition of the preconditioning procedure.

Boeing experience has shown that NRC-2 is difficult to apply to a specific layer
density. Also the material shows little in the way of "recovery" when subjected
to compression loading. In thicker blankets, such as the 1.8 inches required for
one design case, gravity will influence the applied thickness in different locations

on the tank., In the event that NRC-2 is chosen, the heat flow will be more




difficult to predict accurately and the labor involved in application of the MLI
will be greater than for other systems. On the other hand, a conservative design
by means of increased multilayer thickness is possible without incurring large

weight penalties.

Experience has shown that nef spacers add resilience and strength to a MLI system,
Application to a specific layer ratio is more easily accomplished, thus the accuracy
of thermal performance predictions is better. If experimental data were available
to show that aluminized mylar/dacron net MLI had the same apparent conductivity
as aluminized mylar/nylon net, then that concept appears to be the best choice.
However, without this data, NRC-2 is preferred primarily because of its low out-
gassing characteristics. There may be some difficulty with application and reuse -

ability, but conservative blanket design should compensate for this,

A.2 Vacuum Acquisition Studies

Maximum thermal efficiency of the MLI system requires a vacuum level between

5 x 10_5 ond 1 x ]0-4 torr. A check was made to determine the number of

days required to degrade a vacuum annulus from 1 x 10”5 to 1 x ]0"4 torr for
different leak rates. The tank configuration selected was the 15 ft. diameter

LH2 tank with a pressure vessel volume of 2000 cu. ft. and an insulation vacuum
annulus thickness of 4.5 inches. The volume of the vacuum annulus was calculated

as 8.572 x 106 cubic centimeters.
4

The number of days to degrade the vacuum annulus from 1 x 10—5 to 1 x 107

torr was calculated as follows:

For a leak rate of 1.0 x ]0-6 std atm cc of air/sec, the number of days are:

-4 -
1077 (1-10""), x 8.572 x 10° _
760 x 1076 x 3600 x 24

11.8 Days




The results are summarized as follows:

Number of Days to Degrade

Leak Rate Vacuum Annulus from
(Std cc of air/sec) 1 x 1075 1o 1 x 1074 Torr
1 x 1070 1.8
1 x 107 1.18
1 x 1074 .118

This analysis does not account for the vacuum pumping system created at the
pressure vessel surface when it is cooled to -423°F by the LH,. Gases in the
vacuum annulus, except for helium, neon and hydrogen, will be cryopumped to
pressure vessel surface. Thermal performance of the MLI will undoubtedly be
degraded from the condensables collecting on the surfaces of those layers adjacent
to the pressure vessel, Also, outgassing from materials in the vacuum annulus

was not considered in the analysis,

Results from this study provide a basis for establishing target leck rates during

vacuum acquisition testing of the two 45" diameter hemispherical heads.

A.3 Propellant Leakage Isolation

Two tank penetration arrangements are described in detail in Section 1.1.B.1.

These are designed to minimize exposure of the insulation annulus to propeliant

leakage. Loss of vacuum and/or change in emissivity of the reflective shields

resulting from leakage will degrade the thermal performance of the M, L. 1. system.

Briefly, one penetration arrangement seals off the insulation annulus from the
possible leak source. The other relies on the integrity of mechanical joints
with seals, as well as vacuum acquisition procedures to maintain the required

vacuum level in the insulation annulus.

These penetration arrangements will be evaluated on the basis of heat leak,

weight, fabrication complexity and system reliability.




B. Design Studies (Design Preparation)

B.1 Tank Configuration Study

Design studies on the LH2 tanks are in progress. Figure 1 shows the 15 ft,
diameter near spherical tank located in the orbiter, aft of the main propulsion
tanks, Attachment to the primary structure is from the vacuum jacket girth
ring. This ring is shown in the figure aligned horizontally in the orbiter.
Alternatively, it can be aligned vertically. Limited definition of the primary
structure at this time prevents a meaningful detail study of the tank to vehicle
support structure. It appears, however, that attachment can be made to the

fuselage side frames and/or the fin support structure.

Penetrations

Plumbing and manhole penetration arrangements are shown in Figure 2 . The
girth ring for the LH2 tank described is aligned horizontally in the vehicle.
The penetrations are placed at the apex of the tank domes for manufacturing
simplicity. Alternate locations on the dome are possible, providing the clear-
ance hole in the vacuum jacket is sufficient for installation., The vent line is
routed inside the pressure vessel. The inlet is located for venting when the
vehicle is in the launch position. The penetration arrangements shown are also

applicable to other LH, tank orientations and L/D ratios.

2

The vent line arrangement shown in Section A=A uses the high reliability welded
and brazed joints to prevent propellant leakage from contaminating the insula-
tion annulus. The vent relief valve is mounted externally, isolating the insulation
annulus from possible seal leakage. Low valve temperatures, maintained by
adequate insulation on the valve and line, will prevent high heat transfer through

the wet line connecting the valve and pressure vessel.

Similarly, the arrangement in Section B-B showing the manhole cover with integral
fill and discharge line will also require external insulation. Both of these arrange-
ments provide positive isolation of the vacuum annulus from inadvertent leakage

around the manhole cover and the plumbing penetrations.
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The alternate arrangement #1 for the plumbing penetrations relies on mechanical
joints with low permeability seals for vacuum integrity of the insulation annulus.
The length of the dry lines between the valves and the vacuum jackets will be
determined by the heat leak requirements. Insulation external to the vacuum

jacket is not necessary with this arrangement.

Pressure Vessel Support Systems

Two pressure vessel support systems for the low L/D LH2 tank are shown in
Figure 3 . The girth ring for the LH2 tank described is aligned vertically in
the orbiter. The support system shown in Detail Il is applicable to the
orientation. The system in Detail Il applies to other LH2 tank orientations

in the orbiter as well.

Detail 11l describes an aluminum strap net support system for the pressure vessel.
These straps are bonded to the pressure vessel to prevent slipping. Eight fiber-
glass tension straps support the net from the vacuum jacket girth ring. Torque
nuts pretension the siraps after installation. A barrel nut arrangement at the

girth ring provides for alignment.

Detail 1l uses the eight fiberglass tension strap arrangement attaching to the girth
ring. These tension straps attach. to brackets bolted to the pressure vessel at
four locations. Loads are distributed in the pressure vessel by two circumferential

rings and two compression struts,

Titanium tension straps can be used as an alternative to the fiberglass tension strap.

Additional Studies

Study of the high L/D - LH2 tank is in progress. Also, investigation of insula-

tion arrangements for these configurations is underway.

10
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Study Results

Those configurations will be used to evaluate weight penalties, thermal per-
formance, manufacturing complexity and system reliability associated with the

high and low L/D LH2 tanks.

B.2 Quter Shell Study

Design and manufacturing studies are in progress investigating alternate approaches
for manufacturing large diameter sandwich heads with thin gage face skins. The
analytical trade studies with the 5056 aluminum flex-core show the aluminum face
skin gages to range from 0.010 to 0.019 inches and the titanium from 0.010 fo
0.012 inches. Major emphasis in the present studies is on vacuum tight skin
fabrication techniques. Methods considered are compared on estimated costs,

weight penalty and reliability.

Shells Formed from Large Blanks

One approach considered is spinning, bulge forming, or explosive sizing large
blanks to contour, followed by selective chem-milling to meet thickness tolerances.
Boeing experience has shown this approach to be costly and time consuming. How-
ever, this method does produce a highly reliable vacuum tight surface. For this
reason the vacuum sealing face skin on the first 45-inch diameter test shell will

be spun and chem-milled to thickness. Tests on this shell will provide baseline

vacuum acquisition data to measure performance of other construction methods.

Adhesive Bonded Gores

A second approach is to adhesive bond stretch formed foil gores into @ vacuum
tight laminate of the required thickness. Three potential problem areas are
evident with this approach. The adhesive may have an unacceptable outgassing
rate into the vacuum annulus. Leakage into the vacuum annulus may result from
bond line voids and/or permeation through the adhesive. Temperature cycling the

sandwich shell may degrade the bond resulting in loss of structural and/or vacuum

12



sealing integrity. An experimental evaluation of adhesive systems is necessary
to investigate these questionable areas, before a final assessment of this approach

can be made.

However, limited vacuum testing at Boeing on several adhesive systems indicate

that this method has promise. One adhesive, PA 4459 (3M Co.) showed no
measurable helium leakage during a 21 hour vacuum leak test. The test specimen
consisted of a 1 mil thick bond line annulus, 0.50 inch wide (4.0~-inch O.D. x 3.0
inch 1.D.), between two 2024 aluminum plates. Vacuum pumping was by means

of a leak detector cart coupled to the 3.0-inch |.D. perimeter. A plastic bag
filled with helium covered the specimen. Part of the test time, 5-3/4 hours,

was at 350°F; the remainder at room temperature.

This approach also appears to offer better shell contour accuracy and lower fabrica-
tion costs than either the chem-milled spun shell or the welded gore shell. For
these reasons the second 45-inch diameter test head will use laminated adhesive
bonded 2024 aluminum foil gores for the vacuum tight face skin. The manufacturing

and test data derived from this head will be used to assess feasibility of this approach.

Welded Preformed Gores

A third approach is welding preformed gore sections together, Figure 4 shows
an outer shell arrangement using this approach. Extensive tooling is required for
this method to hold adjacent gores firmly in place. Contour distortion due to
welding may require an explosive sizing operation, or local use of the magnetic
hammer. However, vacuum tight welded joints are highly reliable and should

not degrade in service.

The aluminum flex-core and 2024 aluminum outer face skins are not perforated,
as shown in Figure 4. The manufacturing difficulties associated with providing
small diameter core and face skin perforations for sandwich shell venting are

apparent. As well, the cycling of water moisture in and out of the cells may

degrade the adhesive bonds. Alternatively, without venting, moisture trapped

13
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in the cells will expand when heated and may excessively load the bonds.
More data is required before recommendations for vented or non-vented sand-

wich shells can be made.

Results

A weight study of these designs was made. Baseline for comparison was the
0.019 inch aluminum vacuum face skin for a 15-ft spherical diameter shape.
The weight .ranges resulting from fabrication method and material tolerances was
calculated for the welded gore and the bonded gore arrangements. Results are

summarized below:

Fabrication Material Thickness Weight (Lb)
Method Tolerances (Inches) Min. Max.
Base Line 0.019 (no material tolerances 193 193
Welded Gore Base Metal .024
(Heat Treated) 019
198 249
Weld Lands .033
(As Welded) .028
Adhesive Bonded 2 Foils = Nominal
Gores Gages 0.010 and
0.012
Total Foil 8?2
’ 204 271
Bond Line ,003
.002

Since tolerance control for the welded gore approach is by chem-milling, the
gages noted above may be optimistic. The 0.005 tolerance may require exces-
sive chem-milling time for the large gores involved. The foil tolerances for
the bonded gore approach are per raw material specifications. The range of
weight increase over the baseline shown above is between 3 and 40%. It
seems reasonable to assume that the vacuum face skin weight increase can be

held between 10 and 30%, at least with the bonded gore approach.
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C. Shell Trade Studies

C.1 Preliminary Shell Construction Trades

Preliminary trades to determine trends and to assess candidate materials have
been completed on the sandwich construction. Results of these were reported

in the Ist quarterly report.

The waffle-grid construction computer program is in final checkout. The ring/

stringer stiffened cylindrical shell computer program is in work.

C.2 Sandwich Shell Material Combination Trades

Material trades using eight different face skin combinations were reported in the

Ist quarterly progress report. Cores used in these analyses were HRP and 5056 |
flex-core with properties based on data from Reference 1. These studies used a |
constant 2000 cu.ft. pressure vessel volume and a clearance of 4.5 inches between

the pressure vessel and the outer vacuum jacket. In each sandwich configuration

the metallic face skin was on the inside. A limit design external pressure of

14.7 psi was used with an vltimate factor of safety of 1.4. Launch loads were

not considered, nor were weight allowances for fittings and joints made. A

uniform shell temperature of 350°F was assumed. Appendices A, B & C of the

Ist quarterly progress report described the OPTRAN Computer Program used to

perform these trades and the stress analyses equations used in the analyses.

A probability of not failing under the design ultimate external pressure equal

to 0.99 was used as a basis for the hemispherical head analyses. This required
knockdown factors of approximately 1/6 for the hemispheres. The knockdown
factor is the ratio of the expected test value to the classical theoretical value.
The cylinders utilized knockdown factors of 0.90 for lateral pressure and 0.63
for hydrostatic axial compression. The analyses of Reference 2 were used. They

are based on the solution of Kuenzi, Reference 3, and Yao, Reference 4. ‘

All weights presented included the face skins, core and bonding adhesive. An

adhesive weight of 0,0006 Il:»/in2 for each surface was used.
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Further studies have been completed and are discussed below: These used the

same face skin and core combinations, but with the metallic face skin on the

outside. Vacuum jackets were sized in these studies based on (a) the LH2 pres=

sure vessel volume of 2000 cu.ft. and (b) the L02 pressure vessel volume of 750 cu,ft.
In both cases a clearance of 4.5 inches between the pressure vessel and the outer
vacuum jacket was used. The other study parameters previously reported were not

altered. The material properties used are unaltered from those previously reported.

17




Face Skin Trade Study - LH_ Tank, HRP Core, Metallic Face Skin Outside

2

The results of this trade study are tabulated in Tables 2a, b and c. Total jacket

weights of these designs are plotted vs L/D, the cylinder aspect ratio in Figure 5.

These data have been compared with the data from the 1st quarterly progress report
on sandwich construction with HRP core and the metallic face skin on the inside.

The results from this comparison are:

1) Cusps in the total jacket weight vs L/D curves occur in this latest data also,

2)  No conclusive weight trends are obvious when the two sets of data are
compared, The latest dota shows improved weights in 16 out of the 24
cases studied. However, it is only in the glass/polyimide-aluminum and
glass/epoxy—aluminum sandwich construction that a weight saving is shown
with the new data for each L/D studied. With the other constructions
studied the best weights are divided equally between the earlier and this
latest data, Maximum weight savings shown between these two data is

approximately 9%.

3) Placement of the metallic face skin does not significantly affect the weights,

the core thickness and the face skin thicknesses.

4)  The foregoing suggests that the location of the metallic face skin in the
sandwich shell arrangement will be determined by manufacturing cost con-
siderations, methods for achieving and measuring vacuum leak tightness,

structural integrity ond shell durability rather than by weight differences.

18
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4 Glass/Polyimide - Titanium
5  Glass/Epoxy - Aluminum
6  Glass/Epoxy - Titanium

5
1 /// 6
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- !
- 2
i
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= LH,, Tank
" Vacuum Jacket Volume =
5 , 2000 cu,ft, (Pressure Vessel)
< 1500 +4.5 In, Clearance
;E-' Design Pressure = 20,6 PS]
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= T = 350°F
HRP Core Used In All Cases
1000 +
; A 4 : - U
0 2 4 6 8 10 12
CYLINDER-L/D
Figure 5 : VACUUM JACKET WEIGHTS VS CYLINDER L/D FOR SIX FACE

MATERIALS AND HRP CORE
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Face Skin Trade Study - LH:2 Tank, 5056 Aluminum Flex-Core, Metallic
Face Skin Outside

The results of this trade study are tabulated in Tables 3a, b and c. Tofal
jacket weights of these designs are plofted vs L/D, the cylinder aspect ratio

in Figure 6.

These data have been compared with the data from the Tst quarterly progress
report on sandwich construction with 5056 flex-core and the metallic face skin
on the inside. The conclusions reached from this comparison are in agreement

with those reached on the HRP core studies previously discussed.
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NUMBER

e dTEVEINES company REV LTR
1 Boron/Epoxy - Aluminum
(Not Shown = Data Erratic)
Boron/Epoxy - Titanium
Glass/Polyimide - Aluminum
(Not Shown - Data Erratic)
4  Glass/Polyimide - Titanium
5 Glass/Epoxy - Aluminum
6 Glass/Epoxy - Titanium
2500+ T
B e
o 20004
3
i
—
T
O
w1500
= LH, Tank
_ 2
v Vacuum Jacket Volume =
g 2000 cu.ft, (Pressure Vessel)
- +4.5 In. Clearance
g 1000+ Design Pressure = 20,6 PS|
O Probability of Not Failing = 99%
T = 350°F
5056 Aluminum Flex=Core Used in All Cases
- 500+
; e t : ﬁ ¢ -
0 2 4 6 8 10 12
CYLINDER- L/D
Figure &: VACUUM JACKETfWE!‘GHTS VS CYLINDER L/D FOR SIX FACE
MATERIALS AND 5056 ALUMINUM FLEX-CORE
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Face Skin Trade Study - L02 Tonk, HRP Core, Metallic Face Skin Qutside

The differences in the study parameters between the LO2 tank and the pre-

viously discussed LH, tank are:

2
L02 TANK LH2 TANK
Volume 750 cu, ft. 2000 cu. ft.
Diameter Range 4 ft - 10 ft 6 ft - 15

The results of this trade study are tabulated in Tables 4a, b and c. Total
jacket weights of these designs are plotted vs L/D in Figure 7. The cusp is
not as pronounced in these curves as in the case with the LHZ shell. Indeed, o
cusp may not exist in this smaller volume tank., A reasonably fair curve can be
drawn through the data points. 1t was considered appropriate in view of the

LH2 jacket curves to assume that a cusp would also exist in the LO,, jacket

2

curves, Further analysis is necessary to clarify this matter,

Results from this study are:

1) The high stiffness of boron/epoxy results in substantial weight savings

over other material combinations.

2)  Aluminum face skins result in lighter weight than titanium face skins in all

cases studied.
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0e

TABLE 4b:OPTIMUM VACUUM JACKET DESIGNS FOR 995 PROBABILITY >
USING ALLOWABLE HRP CORE PROPERTIES

AEOMETRY [T [ TOTAT T T
ANDWICH | GEOMEIRY i HEMISPHERICAL HEADS | OTAL NERRREE
| i \/O'IT - 750 CU":'g’ | EMISPH (.’:‘_‘, i HEADS ’V%'E;GHT _ i
___/TQ TOTAL| FACING THK CORE OF TWG FACING THK CORE Sf\L i
TRy cvi. | evi. JACKET| & STRESS R HEADS] & S§TRESS WEIGHT
{ l 2 T ; /o [WEIGHT] T T2 , CeLL 4 Ty ] T2 - | GELL
Gl pe| R {' P Lhs. | IN, 1 N, To | SIZE pesand v, o ‘o | SHAE R
=S In. B STraes | Sives T Weight | T L cimaae | Strass | T iWeight! i
~T. 5~ Stress | lress n, A s Siress sfress h, ! o P he
= ksi i _ilbs/Fof - ksi ksi @ T lbs/EpE T
Lolo | oMo /16 o043} oag | 017 3/ |-00940
I 1 ] .65'0 ) /2-43 :
’ Lol . - 020 3/8 |.olotb
Glass/ | ‘ "o oD 24 . 992 1/d |,008en: . 0306 ey
Polyimide | 2° | HB [ 627 | M@ | gl 28.0 35 | 77 |- 74 |-257] %] 2.2 | 1033
» - B . /\ ) 2 > & \ 3/ ;OIO‘YS
42 78 | 201 | 740 ol ¢ ™ 2/16 | ®0633] c03 029 | .o 2
T, ' -(8|-28.0 4.6 | 177 |- 722 |-28.7 3.2 | 583
Aluminum 020 020 3/1¢ |.00832] . 022 043 1/4 |.01018)
3 . ‘ [ 6O .56 o
éo s a 2’9 592— —é i-? = Zs ,Q 4’4@ 44,7 - 95'7 "w!b 3:5 ! qs
elol ole 2 20487| 030 | .0l 3/8 |, 00975
24 | e84 | 143 | 1292 Ve r . 212
T -39 | ~26. 4.0 | 1 |-85 |-30.2 3.2 | 12
Glass/ o1z | o8 2/8 [.00592] . 03¢ .o0lb g | oty
. o |48 169716 T80 .$3
Polyimide | 2 6T 1-28-185 ™ 22 | 91 -2 -39 2% 5c | ion
Ol4 | o010 s 3/16 |.o0tqYd] .0¥0 | 0L L9 1 /4 L.onusd
T,) 4. 178 | 20% | 794 ~6.l | -40,9 ‘ 4.0 8o ~(0 [-23@ 12 3.5 €1
Titanium 2020 houd | __ | 3/i6 |20BH5| 024 | . 029 133 3/1b - 01065
to | 35 |oam| Co6 |y gz [1FB )y asy |on 409 4.0 | I1S2
Note: Total Weight Includes Face Skins, Cors, and Bending Adhesive
i s Face Skin
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NUMBER

tve LBLTEIAEE company REV LTR
1 Boron/Epoxy - Aluminum
2 Boron/Epoxy - Titanium
3 Glass/Polyimide -~ Aluminum
4 Glass/Polyimide - Titanium
5 Glass/Epoxy - Aluminum
6  Glass/Epoxy - Titanium

1400 6
g
1200 P _—
1000 5
[=a]
3 //1
9 w“‘"‘/ m""/#x/
- ‘/W/M
% 800 L02 Tank
o Vacuum Jacket Volume =
= 750 cu.ft. (Pressure Vessel)
= +4.,5 In. Clearance
5 600 Probabilgi'y of Not Failing = 99%
< z T=2350"F
y HRP Core Used in All Cases.
< Design Pressure = 20, 6 PSI
9 400
200
O L 1, 4

0 5 10 15
CYLINDER-L/D

Figure 7i:  VACUUM JACKET WEIGHTS VS CYLINDER L/D FOR SIX FACE MATERIALS
AND HRP CORF .
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Face Skin Trade Study - LO, Tank, 5056 Flex-Core, Metallic Face Skin Outside

2

The results of this trade study are tabulated in Tables 5a, b and c. Total jacket
weights of these designs are plotted vs L/D in Figure 8. Again, a cusp has been
shown in these curves, although it is not conclusive at this stage in the analysis

that a cusp does exist.

This trade study shows:

1)  The significance of core shear properties on the weight of vacuum jacket
designs. The use of a low shear modulus core, i.e., HRP, results in a
severe weight penalty for the vacuum jacket designs. This was also shown

in the LH2 jacket trade studies.

2) Except in the boron/epoxy-aluminum sandwich arrangement, the titanium
face skins generally result in lighter weight. Comparing this with the
L02 tank =~ HRP core data, suggests that increasing the core shear modulus
has a greater impact on the efficiency of the titanium skin than it does on

the aluminum skin. This was also shown in the LH2 jacket frade studies.
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TABLE 5c: OPTIMUM VACUUM JACKEY
USING ALLCWABLE 5056 ALUMINUM FLEX~-CORE PROPERTIES

DESIG

N5 FOR 99% PROBABILITY >

Sl LTI LB 6 TR G S W T 90

* wicn | GEOMETRY {I> L e TOTAI -
, JA iDWICH GECMETR . . e OTAL VUINDER
" VOL = 750 CU.FT.. | HEMISPHERIC, ‘\,:: étADS | VEIGHT CYLINDER
9 TOTAL FAC!NG THK . OF TWQ FACING THK CORE O ”
TR evl. | ey, UACKET| & STRESS COR;F HEADS| & STRESS | O‘{"ﬂ EIGHT
T ] v/ IWEIGHT] T T ELL f T CELL
ii gjf ,i‘ " VOO L AL T L SIZE besand wi | T, LS zas/mz
T - ’ o Stress | Stress Tn. We:gh, Lbs Stress | Stress n Weight ™
1i- ksi | ksi | Lhs/Fi3| ™ | ksi | kst ©lbs/Frd T
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Lele ] Lol cBe 1.80%523] o281 .12 220 | .o0%2%
4 { 202 | 643 1.u8 2. 45
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Titanjum o5 ot .20 |.008tdl - 220 | . oo . , 20 .0084‘7‘
3 . 6 76 148
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NUMBER

He MBEFVEINVES company REV LTR
1 Boron/Epoxy = Aluminum
2 Boron/Epoxy - Titanium
3 Glass/Polyimide - Aluminum
4  Glass/Polyimide - Titanium
5 Glass/Epoxy -~ Aluminum
6  Glass/Epoxy - Titanium

1200
5

)
on
—t
! |
T
)
= //
o
= # LO, Tank
5 600 2
< Vacuum Jacket Volume =
o 750 cu.ft, (Pressure Vessel)
X +4.5 In. Clearance
IC_) 400 Design Pressure = 20.6 PS|

Probability of Not Failing = 99%

T = 350°F

5056 Aluminum Flex~Core Used in all Cases.
200 1 '

i i

5 70 i5

CYLINDER~ L/D

Figure 8: VACUUM JACKET WEIGHTS VS CYLINDER L/D FOR SIX FACEMATERIALS
AND 5056 ALUMINUM FLEX-CORE
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2.0 TASK 1l - Vacuum Shell Structural Tests and Vacuum
Acquisition Tests

2.1 Material Qutgassing Tests
A. Thermogravimetric Analysis (TGA in Helium)

. X . o
A dynamic TGA in helium from room temperature to 1000°F was run on
nine representative material samples. The percentage loss in weight vs.

temperature °F is plotted in Figures 9 through 17 . Results from these tests are:

1)  Glass/epoxy prepreg per BMS 8-139 had no defectable weight loss up to
approximately 500°F.

2) Glass/phenolic prepreg per BMS 8-129A shows no weight loss up to 155°F,
Weight loss at 350°F is 0.3%.

3) Glass/polyimide prepreg per BMS 8-144 shows a 0.3% weight loss at
‘ ]OOOF, which increases to 1.6% weight loss at 350°F.

4)  Boron/epoxy prepreg (Narmco 5505/14) shows an unexplainable weight

increase between IZOOF and 5600F,

5) Fiberglass/phenolic (HRP) honeycomb core per BMS 8-124E shows a 0.4%

weight loss at 110°F which increases to 0.7% weight loss at 350°F.

6) Fiberglass/polyimide (HRH 327E) honeycomb core per BMS 8-125 shows
no weight loss up to 140°F, Weight loss at 350°F is 0.2%.

7) 5052 flex—core had no detectable weight loss up to 1000°F. A slight
weight increase is shown at 350°F and above which suggests oxidation

of aluminum by traces of oxygen.

8) Adhesive BMS 5-17 shows a 0.4% weight loss at 185°F which increases
to 0.6% weight loss at 350°F,

?) Adhesive metlbond 325 shows no weight loss up to 170°F. Weight loss
at 350°F is 0.2%.
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Figure 10 : WEIGHT LOSS VS TEMPERATURE (TGA IN He)
GLASS/PHENOLIC PREPREG PER BMS 8-129A
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Figure 11 : WEIGHT LOSS VS TEMPERATURE (TGA IN He)
GLASS/POLYIMIDE PREPREG PER BMS 8-144
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Figure 12: WEIGHT LOSS VS TEMPERATURE (TGA IN He)
BORON EPOXY PREPREG (NARMCO 5505/14)
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B.

Differential Thermal Analysis (DTA)

A DTA in nitrogen was run on nine representative material samples. The

heat reaction vs. temperature results are plotted in Figure 18 through 26 .

The DTA results are in accord and confirm the TGA and the isotherm TGA

results.

C.

Isotherm TGA

. . o . .
An isotherm TGA in a vacuum at 350 F was run on nine represeniative

material samples. The percentage of original weight vs. time at 350°F in

a vacuum is plotted in Figures 27 through 35 . Results from these tests are:

)

3)

6)

?)

Glass/epoxy prepreg per BMS 8-139 shows 97.7% of original weight
after 270 minutes.

Glass/phenolic prepreg per BMS 8-129A shows 97.7% of original weight

after 310 minutes.

Glass/polyimide prepreg per BMS 8-144 shows 96.0% of original weight

after 270 minutes.

Boron/epoxy prepreg (Narmco 5505/14) shows 99.4% of original weight
after 260 minutes.

Fiberglass/phenolic (HRP) honeycomb core per BMS 8-124E shows 96.7%

of the original weight after 320 minutes.

Fiberglass/polyimide (HRH 327E) honeycomb core per BMS 8-125 shows
98.2% of the original weight aofter 280 minutes.

5052 aluminum flex-core shows 99.7% of the original weight after

320 minutes.

Epoxy adhesive per BMS 5-17 shows 97.2% of original weight after

290 minutes.

Metlbond 329 adhesive shows 97.7% of the original weight after 320

minutes.
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D. Sandwich Assembly Outgassing Tests

The outgassing tests on five sandwich assemblies -1 through -5 (SK11-043157)
were conducted on the vacuum outgassing apparatus shown in Figure 34. Tables
6 through 10 show the results of these tests. This limited test data does not
recommend exposing the plastic portion of any of these assemblies to the evacu-
ated MLI cavity. Further study might find solutions to the excessive outgassing.
Adequate preconditioning to substantially reduce the outgassing might be accomp-
lished through extended heating at 350°F. Selection of more thermally stable
adhesives (presently in the development stage) would probably show considerable
improvement in outgassing. However, it appears that achieving and maintaining
an acceptable vacuum with organics exposed to the annulus will be difficult at

best. Therefore, it is recommended that the metal inner shell approach be

adopted.

2.2 45-Inch Diameter Hemispherical Shells
A. Design and Analysis

Al First Shell

Figures 37 and 38 show the first 45-inch diameter sandwich shell assembly.

Preliminary analyses were conducted to select materials for this shell. The
analyses used the computer program previously described in the sandwich shell
trades and were run using properties for 5056 aluminum flex-core. Temperature
across shell was considered a constant 350°F. Probabilities of failure of 0.99,

0.90 and 0.50 were investigated, Configurations studied were:

(@) 6061-T6 boron/epoxy
)

2219-181

boron/epoxy

() 6061-T6 =~ glass/polyimide
(d) 2219-T81 - glass/polyimide
(e) 6061-T6 - Glass/epoxy
() 2219-T81 - glass/enoxy
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-Figure 36:  VACUUM OUTGASSING APPARATUS - MATERIAL OUTGASSING TEST
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Table 6: RESULTS OF

Event

No.

Duration of
Exposure (hr)
at 350°F

Initial Value
D
1.75
2.75

3.75

-1 ASSEMBLY VACUUM OUTGASSING TESTS AT 350°F

e

Cumulative Duration of

Continuous Exgosure

(hr.) at 350°F

Pressure
(torr)

Comments

T
1.75
2,75

3.75

6.5% 10" = [

5.5x 10"
7.5%107

6.0 x 10'3

2.0 x 10'3

5.0 x 10‘5

D The lowest pressure achieved during an initial 4 hours vacuum

v v vV

pumping at room temperature was 1.3 x 10 torr. During heat

up to 350°F the pressure increased to 6.5 x 107~ torr due fo

specimen outgassing.

These values are dynamic pressure values. The specimen-to-

pump valve was maintained in the open position.

Heat, and specimen-to~pump valve were shut off overnight.

==
P
=~
—

During

this period the specimen experienced only cryogenic pumping at -1 10°F.

. -5 .
After cooling to room temperature a pressure of 5 x 10 ™ torr was achieved.

With specimen=-to-pump valve closed, this vacuum decayed to 2 x 10_4

torr (at room temp) after a 45 minute period of time.

2219 Aluminum container, fiberglass/phenclic (HRP) honeycomb core

per BMS 8-124E, fiberglass/epoxy prepreg per BMS 8-139, and

epoxy adhesive per BMS 5-17,
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Table 7: RESULTS OF -2 ASSEMBLY VACUUM OUTGASSING TEST AT 350°F

—

Duration of Cumulative Duration of
Event Exposurg (hr) Continuous Eéposure Pressure
No. at 350°F (hr.) ot 350°°F (torr) Comments
1 Initial Value - 6.5% 107 —
2 .75 .75 1.2x 1072 [D
3 2.00 2.00 8.0x 10~
4 4.00 4.00 2.8x107°
5 = = =
6 Initial Value 4.00 2.8x 107
7 2.00 6.00 [ [T

[> The lowest pressure achievid after 1 hour vacuum pumping at room
temperature was 1.5 x 10-" torr. Ruring heat up to 350°F (1/2 hour)
the pressure increased to 6.5 x 10 ~ due to specimen outgassing.

These values are dynamic pressure values. The specimen-to-pump
valve was maintained in the "open" position.

The specimen-to-pump valve was closed at this point to obtain "static"
)
pressures and vacuum decay rate at 350 F,

The specimen-to-pump valve was kept closed for the remainder of the

350°F outgassing test.

The pressure exerted due to specimen outgassing rose beyond the limit
of the MclLeod gauge scale which reads to a maximum of 1 torr.

VY TV

2219 aluminum container, fiberglass/phenolic (HRP) honeycomb core
per BMS 8-124E, fiberglass/polyimide prepreg per BMS 8-144 and
epoxy adhesive per BMS 5-17,
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Table

Event
No.

T

=

>
=
=

8: RESULTS OF -3 ASSEMBLY VACUUM OUTGASSING TEST AT 350°F

[—

Duration of Cumulative Duration of

Exposure (hr) Continuous Exposure Pressure

at 350°F (hr.) at 350°F (torr) Comments

Initial Value - 9.0x 107 ==
.25 1.25 8.2x10° [
2.50 2,50 7.8x107 =
= = =

Initial Value 2.50 7.8x10° [

1.50 4.00 8.0x 107
3.50 6.00 [

The lowest pressure achieved after 1 hour vacuum pumping at room
temperature was 3.5 x 1073 torr. During heat up to 350°F (1/2 hour)
the pressure increased to 9.0 x 10~ due to specimen outgassing.

These values are dynamic pressure values, The specimen-to-pump
valve was maintained in the "open" position,

The specimen~to-pump valve was closed at this point to obtain "static"
pressures and vacuum decay rate at 350°F.

The specimen-to~pump valve was kept closed for the remainder of the
) .
3507F outgassing test.

The pressure exerted due to specimen outgassing rose beyond the limit
of the MclLeod gauge scale which reads to a maximum of 1 torr,

> 2219 aluminum container, fiberglass/phenolic (HRP) honeycomb core per

BMS 8-124E, fiberglass/phenolic prepreg per BMS 8-129A and epoxy
adhesive per BMS 5-17,
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Table 9: RESULTS OF -4 ASSEMBLY VACUUM OUTGASSING TEST AT 350°F

Event

No.

RAARNEEEEEEEE

[

Duration of Cumulative Duration of
Exposure, (hr) Continuous Exgosure Pressure
at 350 F (Hr.) at 350°F (torr) Comments
. -3
Initial Value - 55x10° = [
1 1 5.0 x ]0_3 P—
=3
2 2 3.8x 10 P
3 3 1.5x10™ =
Initial Value 3 1.5x 107 [
1 4 [ =
2 5 F~ =

The lowest pressure achievgd after 1 hour vacuum pumping at room
temperature was 2.2 x 10 ~ torr. During heat up to 350°F (1/2 hour)
the pressure increased to 5.5 x 10~3 due to specimen outgassing.

These values are dynamic pressure values. The specimen-to-pump valve
Y
was maintained in the "open" position.

The specimen-to-pump valve was closed at this point to obtain "static"
pressures and vacuum decay rate at 350°F.

The specimen-to-pump valve was kept closed for the remainder of the
350°F outgassing test.

The pressure exerted due to specimen outgassing rose beyond the limit
of the McLeod gauge scale which reads to a maximum of 1 torr.

Titanium container, fiberglass/polyimide (HRH 327E) honeycomb core
per BMS 8-125, fiberglass/polyimide prepreg per BMS 8-144 and metlbond
329 adhesive.
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Table 10: RESULTS OF - -5 ASSEMBLY. VACUUM OUTGASSING TEST AT 350°F

Event

0000 7 e

=

Duration of Cumulative Duration of
Exposure (hr) Continuous Exposure Pressure
at 350°F (hr.) at 350°F (torr) Comments
Initial Value - 5.2x 10 = P
.83 .83 2.6x 107 P
1.83 1.83 2.0x107 —
2.83 2.83 2.0x 107 =
-3
Initial Value 2.83 2.0x 10 [
1.0 3.83 = [
1.83 4.66 [T =

The lowest pressure achieved after 1 hour vacuum pumping at room
temperature was 5 x 1074 torr. During heat up to 350°F (1/2 hour)
the pressure increased to 5.2 x 107 due to specimen outgassing.

These values are dynamic pressure values. The specimen-to-pump
valve was maintained in the "open" position.

The specimen~to-pump valve was closed at this point to obtain "static"

)
pressures and vacuum decay rate at 350 F.

The specimen=-to-pump valve was kept closed for the remainder of the
350°F outgassing test.

The pressure exerted due fo specimen outgassing rose beyond the limit

of the McLeod gauge scale which reads to a maximum of 1 torr.

2219 aluminum container, 5052 aluminum flex-core, boron/epoxy prepreg

(Narmco 5505/14) and epoxy adhesive per BMS 5-17.
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In each case, the face skins optimized at minimum gage (.010 inches).

6061-Té6 was selected for Face 1, the metallic skin, in preference to 2219-T81
because of its apparent better adhesive bonding qualities. The 45-inch diameter
shell tests are to provide data for the vacuum acquisition and shell analysis studies.
Minimum shell weight was not considered of paramount importance for these shells.
So, since glass/epoxy prepreg has better fabrication qualities than either glass/

polyimide or boron/epoxy, it was selected for Face 2.

Using the materials selected, another analysis was conducted to determine flex-
core thickness. The design pressure was 14.7 psi, the temperature 350°F and
the probability of failing 0.01. Core thickness was determined to be 0.415
inches. Using this sandwich configuration the critical external pressure was then
determined for a 0.50 and 0.99 probability of failing. The results from these

analyses are summarized below:

Critical Probability
External of
Pressure Failing Failure Mode & Comments
(psi)
14.7 .01 General Instability - Face 2 is critical at

a stress of 3600 psi, S
Assumed T = 350°F

48.5 .50 General Instability = Face 2 is critical at
a stress of 11,600 psi. S] = 29,000 psi
(Used 350°F Moduli)

0.7 .99 Material Yielding - Face 1 is critical at
a stress of 42,300* psi. 52 = 16,900 psi.
(Used 350°F Moduli)

] = 9000 psi.

* Estimated R.T., Average Strength

It is concluded from this analysis that failure can be expected within an accept-
able pressure range, and that the desired general instability failure will occur

prior to the non-representative material yielding.
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The shell to base plate arrangement shown in Figure 38 provides the optimum
practical vacuum acquisition configuration = an inner vacuum skin with a single
girth weld joint which is accessible for leak checking and repair. Vacuum
acquisition results from testing this shell at room temperature and +350°F will
provide a baseline reference point from which to assess the vacuum acquisition
characteristics of other vacuum skin fabrication methods in welded or bonded

gore sections,

A2 Second Shell

Figures 37 and 39 show the second 45-inch diameter sandwich shell assembly.
The 5056 aluminum flex-core, 0.415 inches thick, and the 0.010 thick glass/
epoxy prepreg outer face skins are also used on this shell. The inner face skin,
however, is a laminate of two adhesive bonded foils. The foil is 2024-T3

aluminum, 0.010 thick. The adhesive selected is PA 4459 (3M Co.).

Testing of this shell will determine the magnitude of vacuum acquisition problems
associated with the bonded laminate vacuum skin. Results can readily be com-
pared with the first shell test results and from this, the reliability of the bonded

laminate approach can be established.

B. Fabrication

All materials for both shells are on order. The spin block for the first shell

is complete. The preform blank is in heat treat. Spinning will commence
shortly. The high temperature fiberglass mandrel for the second shell is in
work. This mandrel will be used for stretch forming the 2024-T3 aluminum and
for layup of the hemisphere. The edge ring for the second shell is being

machined.

C. Test

The test plan is in work, and test set-up design has commenced.
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2.3 Non=-Destructive Shell Buckling Test

A. 8~Foot Diameter Ellipsoidal Sandwich Shell Design and Analysis

Figures 40 and 41 show the 8-foot diameter shandwich shell assembly. The
inner skin of this assembly is an existing 2219-Té2 pressure vessel shell.

This skin has a nominal thickness of 0.043 inches. Locally, it is thickened

to 0.096 inches at the apex where a pickup lug is located, and to 0.073 inches

at the equator.

The objectives of this test are to determine the adequacy of the nor-destructive

test technique and to obtain data for refining the sandwich shell analysis tech-

nique used in the Design and Trade studies. The trade study analyses assumed

a factor of safety of 1.4 and a probability factor of 0.99 for limit design

pressure of 14.7 psi. The non-destructive prcof test may show these factors to

be conservative. Assuming this conservatism, the 8-foot diameter shell is designed
for a factor of safety of 1.4 and a probability factor of 0.5. This shell is ex-
pected to be stronger than the 14.7 psi design condition, but closer in strength to
the 20.6 psi ultimate pressure than the 45-inch diameter shells. This should result in

a more optimum weight design for the 8-foot shell.

Reference 5 states that the theoretical and experimental results for thin oblate

spheroidal shells are similar to those for a sphere of radius

R = BY/A

max

where
B is the apex height and

A is the equatorial radius

For the 2219-T62 shell

R = (4892/36 = 64 inches

max

Therefore, the design is handled as though the oblate spheroidal shell were a
hemisphere with a 64 inch radius. Sullins, Smith and Spier (Reference 2)
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treat the sandwich shell in the same manner. In addition, they have sum-
marized test data to determine the knockdown factor.for sandwich domes sub-

jected to uniform external pressure. These data are summarized in Figure 42,

OPTRAN designs were made for this shell using probability factors of 0.5,
0.90 and 0.99. The results were:

Optimum Vacuum Jacket Designs for 8-Ft, Diameter Shell

Face 1 - .043, 2219-Té62 Aluminum
Face 2 - Style 120 Fiberglass Epoxy Prepreg
Core - 5056 Aluminum Flex Core
(Design Pressure = 20.6 psi, R = 64 In.)

Probability of t to te Core

Not Failing (in.) (in.) (in.) Density (PCF)
0.5 .043 .010 0.345 2.1
0.90 .043 .010 0.625 2.1
0.99 .043 .010 0.963 2.1

Using the recommended design factors from Reference 2, the core depth

should be 0,58 inches. This would produce an qux/p valve of 64/.3 = 213,
The data shown in Figure 42 are for an Rmax/p = 250. A core thickness of
0.500 inches provides Rmax/p = 64/0.500 = 250.

After considering the OPTRAN designs with the Boeing statistical analysis and
the recommended design approach of Reference 2, with the test data shown in
Figure 42, a core thickness of 0.500 inches was selected. Using the experimental

data for the knockdown factors shown, the expected critical external pressures are:

8-Ft. Diameter Shell - Expected Critical Pressures

Face 1 = 2219-T62 Aluminum, .043 inch
Face 2 - Fiberglass/Epoxy (120 fabric), .010 inches

Core - Aluminum Flex-Core, .500 inches
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FIGURE 42: KNOCK-DOWN FACTOR Y3 FOR SANDWICH DOMES
SUBJECTED TO UNIFORM EXTERNAL PRESSURE

p

( REFERENCE 2)
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33 psi
27 psi
21 psi

Maximum external pressure

Average external pressure

Minimum external pressure

Both of these analyses assume simply supported edge conditions. That is,
during buckling there are no radial displacements and no edge moments on the
shell. Designs of the actual vacuum jacket will have to provide suitable ring
stiffening at the edges of the dome. In the test head ring stiffening will be
provided internally by plate segments bolted to the base plate. There will be
some edge moment on the shell provided by the bending stiffness of the .073
inch thick edge and the fiberglass reinforcement. This is less than half the
sandwich bending stiffness and should notf substantially increase the experimental

critical pressure.

B. Fabrication

The material is on order.

C. Test

Work on the setup arrangement has commenced.

3.0 TASK [l - Data Evaluation and Reports

No data evaluation was initiated.

CURRENT PROBLEMS
No technical or budgetary problems are foreseen.
PLANNED ACTIVITIES FOR NEXT REPORTING PERIOD

Design and trade studies, and evaluation will continue., Fabrication of the two

45-inch diameter shells will continve. Work on the test plan and setup for the

D. L. Barciay ~ Téchnical Leader
Ve
£ L P22 P

“D. Kﬂimmerman ~ Program Leader

45-inch diameter shells will continve.
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